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Abstract 

The  onset  of  high  voltage  electrical 
breakdown  in  a  vacuum  diode  is  characterized 
by  the  "explosive"  like  formation  of  cathode 
spots.  A  source  of  high  energy  density  is 
required  to  ionize  cathode  material  within 
nanoseconds.  Enhanced  field  emission  of 
electrons  begins  from  a  growing  number  of 
small  spots  on  the  cathode  surface  when  an 
increasing  voltage  is  applied.  The  pre¬ 
breakdown  field  emission  current  is  self- 
limiting.  Its  negative  space  charge  in  the 
cathode-anode  gap  reduces  the  effective 
electric  field  on  the  cathode  surface.  The 
development  of  a  current  larger  than  the 
field  emission  current  from  a  cold  cathode 
requires  that  ions  exist  in  front  of  the 
electron  emitting  spot.  The  initial 

ionization  must  occur  in  the  cathode-anode 
gap  near  the  electron  emitting  spot. 
Ionization  of  desorbed  neutrals  by  field 
emitted  electrons  provides  the  mechanism. 
This  ionization  process  requires  considerably 
less  current  than  the  ionization  of  solid 
material  by  Joule  heating.  Ions  produced  a 
few  urn  from  the  electron  emitting  spot  are 
accelerated  back.  Surface  heating  by  these 
ions  is  orders  of  magnitude  more  efficient 
than  Joule  heating.  As  more  ions  are 
produced,  a  positive  space  charge  layer  forms 
which  now  increases  the  effective  electric 
field  and  thus  strongly  enhances  the  field 
emission  current.  Experimental  results  agree 
with  this  self-consistent  physical  model 
which  describes  the  onset  of  vacuum  breakdown 
and  the  formation  of  a  cathode  spot  plasma. 

Introduction 

The  initial  plasma  formation  on  the 
surface  of  a  cathode  of  a  vacuum  diode, 
vacuum  arc,  and  many  other  discharges  is 
highly  non-uniform.  Micron-sized  cathode 
spots  form  within  nanoseconds.  Despite  the 
fundamental  importance  of  cathode  spots  for 
the  breakdown  process,  their  structure,  and 
the  source  of  the  required  high  energy 
density  were  not  well  understood.  The 
initial  phase  of  the  onset  of  electrical 
breakdown  in  a  vacuum  discharge  is 
characterized  by  very  rapid  ionization  of 
surface  material  which  leads  to  a  kind  of 
"explosive"  formation  of  a  cathode  spot 
plasma. 

One  model,  the  whisker  explosive  emission 
model  [1],  assumes  that  Joule  heating  by 
field  emitted  electrons  provides  the  energy. 
Current  densities  of  jpE  =  1012  -  1013  A/m2 
would  be  required.  However,  the  pre¬ 
breakdown  jpg  is  self -limiting.  Once  a 
large  electron  current  begins  to  flow  through 
the  diode,  the  electric  field  distribution  is 
altered  by  the  presence  of  electron  space 
charge  and  the  maximum  current  density  jcE 
is  limited  by  the  Child-Langmuir  law.  In 
general  one  would  expect  that  jpp  <  jcL. 
The  Child-Langmuir  current  to  the  anode 
represents  an  upper  limit. 


Field  Emission  and  Onset  of  Ionization 

Electrons  will  be  emitted  from  spots  or 
"whiskers"  on  a  cold  cathode  if  the  applied 
electric  field  becomes  sufficiently  strong,  E 
>  107  V/m.  The  expression  "whisker"  is  meant 
to  represent  any  electron  emitting  spot  on 
the  surface  of  the  cathode,  such  as  a 
microprojection,  a  spot  with  reduced  work 
function,  a  grain  boundary,  etc.  The  field- 
emitted  current  density  jFE  depends  on  the 
work  function  of  an  electron  emitting  spot 
and  the  possibly  enhanced  electric  field  E  on 
the  surface  of  the  spot.  Figure  1. 

Electrons  emitted  from  a  small  micron-size 
"whisker"  will  remain  in  the  flux  tube  of 
electric  lines  of  force  which  ends  on  the 
surface  of  the  whisker.  Their  space  charge, 
present  during  their  time  of  flight  to  the 
anode,  will  reduce  the  effective  field  on  the 
tip  of  the  whisker  and  hence  the  field 
emission  current.  The  emitted  electron 
density  ne  will  be  largest  near  the  emitting 
spot.  If  the  applied  voltage  remains 
constant,  any  negative  space  charge  in  the 
cathode-anode  gap  will  reduce  E  on  the 
surface  and  thus  the  emitted  current  density. 
Increasing  the  applied  voltage  would  increase 
both  E  and  the  space  charge. 

Figure  2  shows  the  results  of  a  simulation 
of  the  field  emitted  current  density  which  is 
space  charge  modified  [2].  At  time  t  =  0  a 
voltage  of  1  MV  is  applied  between  anode  and 
cathode  which  are  separated  by  a  gap  of  1cm. 
The  applied  voltage  is  kept  constant.  The 
Fowler-Nordheim  equation  is  used  to  calculate 
the  field  emission  current 


/  n  tj 

jFE  =  C1  — ^ —  exP  [  -  c2  <t>:,/2  /  P  E  ] 


WHISKER  ENLARGED  20,000  TIMES 


Figure  1.  Schematic  figure  of  field 

emitted  electrons  from  the  surface 
of  a  whisker. 
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where  Cx  =  1.54  x  10“6  and  c2  =  6.42  xlO7  are 
constants  if  j  is  measured  in  A/cm2 ,  and  E  in 
V/cm.  p  is  the  field  enhancement  factor  of 
the  electron  emitting  spot,  P  =  4  0  for  this 
calculation.  The  work  function  is  4>  =  3  eV. 
The  field  emitted  charges  are  calculated  for 
time  steps  of  10-13s.  Space  charge  is 
simulated  not  as  continuous  beam  of 
electrons,  but  rather  as  a  series  of 
infinitely  thin,  numerous  charged  disks  of 
varying  surface  charge  density  a  [C/m2].  In 
each  time  interval,  the  forces  on  the  disks 
within  the  gap  are  computed,  the  disks  are 
moved,  and  a  new  disk  is  created  at  the 
cathode.  When  a  disk  reaches  the  anode,  it 
is  no  longer  used  in  any  further 
calculations.  In  the  final  steady  state,  all 
of  the  disks  will  have  the  same  charge 
density;  for  every  time  step  just  as  much 
charge  is  lost  at  the  anode  as  is  created  at 
the  cathode. 

The  initial  current  density  at  time  t  =  0 
is  jo  =  2  x  105  A/cm2.  The  transient 
oscillations  at  the  start  are  caused  by  the 
first  injected  charged  disks  which  contain 
large  a.  Their  arrival  at  the  anode  reduces 
the  space  charge  remaining  in  the  gap  and  the 
effective  E  on  the  cathode  surface  increases 
correspondingly.  The  dashed  line  shows  the 
approach  to  the  final  steady  state  current 
density  of  jpg  =  1.2  x  103  A/cm2.  This  is 
more  than  two  orders  of  magnitude  less  than 
the  initial  j0-  Indeed,  the  field  emission 
current  density  is  self-limiting.  The  Child- 
Langmuir  current  density  for  this  example  is 
jCL  =  2.3  x  lo3  A/ cm2. 

The  field  emitting  spot  cannot  deliver  jCL 
without  turning  itself  off,  since  the 
negative  space  charge  caused  by  jcE  reduces  E 
s  0  at  the  cathode  surface.  Hence,  it  must 


Figure  2.  Log  (j/jg)  of  field  emitted 

current  density  ratio  vs  time,  j0 
is  the  initially  emitted  current 
density,  jEE  is  the  reduced  current 
density  due  to  the  presence  of 
electron  space  charge  in  the  gap. 


be  that  the  vacuum  jEE  <  jcL*  The 

development  of  a  current  with  j  >  jpg 
(vacuum)  requires  that  ions  exist  in  front  of 
the  electron  emitting  spot.  Of  course 
positive  ions  cannot  be  emitted  from  the 
surface  of  the  whisker,  the  enhanced  electric 
field  would  hold  them  back.  The  initial 
ionization  must  occur  in  the  cathode-anode 
gap  near  the  electron  emitting  spot. 
Ionization  of  desorbed  neutrals  provides  the 
mechanism  which  allows  an  increasing  electron 
current  to  be  emitted  from  the  whisker. 
Actually  this  ionization  process  requires 
considerably  less  current  than  the  ionization 
of  the  solid  material  of  the  entire  whisker 
by  Joule  heating.  Besides  Joule  heating  of 
the  electron  emitting  spot,  the  emission  of 
electrons  itself,  and  the  enhanced  electric 
field,  all  stimulate  desorption  of  weakly 
bound  adsorbates  [31.  A  suddenly  released 
monolayer  of  2  x  1039  molecules/m2  forms  a 
dense  expanding  neutral  gas  cloud. 

The  relatively  large  concentration  of 
neutrals  above  the  electron  emitting  spot 
will  to  some  extent  become  ionized  by  the 
field  emitted  electrons.  The  electron  mean 
free  path  length  X  =  l/(nga0)  depends  on  the 
ionization  cross  section  a0  which  in  turn  is 
a  function  of  the  electron  energy.  For  many 
gases  the  ionization  cross  section  has 
maximum  value  for  electrons  with  an  energy 
around  100  eV.  Within  the  "ionization 
region"  the  ionization  cross  section  and 
neutral  density  are  sufficient  to  provide  a 
reasonable  probability  for  ionization  of 
neutrals.  The  diode  used  for  this  experiment 
has  a  gap  of  2.5  cm,  and  1.0  MV  potential  was 
applied.  At  z  =  2 . 5pm  the  potential  is  100 
V  and  the  field  emitted  electrons  begin  to 
ionize  the  desorbed  neutrals.  The  ionization 
region  is  approximated  as  having  a  thickness 
of  d  =  1  pm  and  is  centered  on  the  100  V 
potential.  On  average  the  ions  are  produced 
at  z  =  2.5  pm.  These  ions  are  accelerated 
toward  the  whisker  and  deliver  100  eV  of 
energy  each  to  the  surface  layer.  This  ion- 
heated  surface  layer  may  be  k  monolayers 
thick.  The  surface  layer  of  depth  L  is 
heated  by  ion  bombardment  as  well  as  by  Joule 
heating.  The  power  dissipated  per  unit 
volume  in  the  surface  layer  of  the  whisker 
due  to  Joule  heating  is  given  by  [4]: 

Joule  Power  j2p  A  L  _  ,2  watt 

Volume  AL  J  P  m3 

where  A  is  the  surface  area  of  the  whisker,  p 
is  the  resistivity  of  the  whisker  material 
and  j  is  the  current  density  flowing  through 
the  whisker.  The  power  dissipated  per  unit 
volume  in  the  surface  layer  due  to  ion 
bombardment  with  ion  flux  density  (j+/e)  is 
given  by 

ION  POWER  _  ^  /e)A(T21Vi  )  (f/e)(eV)  f(V) 

VOLUME  ~  (AL)  ~  L  L 

where  j+  is  the  ion  return  current  density. 
j+  depends  on  the  ionization  of  neutrals  by 
field  emitted  electrons  with  current  density 
j“.  For  a  neutral  cloud  thickness  d,  X/d. 
electrons  will  produce  one  ion.  The  ratio  of 
current  densities  is  given  by 


64 


j+  _  e/ (area)  At  _  d 
j~  e  (A /d)/ (area)  At-  A’ 


where  j-  is  the  current  density  of  electrons 
emitted  from  the  surface  of  the  whisker  and 


At”  is  the  time  of  flight  for  an  emitted 
electron  to  travel  to  the  ionization  region, 

.  d  „ 

see  Figure  3.  Thus  j  =  — j  =dn0a0j 

A 


For  every  ion  that  falls  back  to  the 
surface  of  the  whisker  there  is  an  image 
electron  that  travels  within  the  whisker  to 
meet  and  recombine  with  the  ion.  Therefore 
the  total  current  density  inside  the  whisker 
is  j  =  j~+j+.  In  terms  of  the  emitted  electron 


current  density 


.  d._  . 

J  =  J  =J 


(l  +  dn0a0). 


The  ratio  of  Joule  plus  ion  heating  to  Joule 
heating  in  the  surface  layer  is  then  given  by 


R=jVi>v^1+.  ..(.v)dn°°.°.  (1) 

j  P  j  Lp(1+dn0  a0)z 

It  is  important  to  note  that  the  return 
ions  deposit  their  energy  into  a  highly 
localized,  thin  surface  layer.  Ion 

bombardment  is  especially  important  at  low 
initial  current  densities  since  it  leads 
efficiently  to  further  desorption  of  neutrals 
from  the  surface  and  hence  increases  the 
neutral  density  which  in  turn  increases  the 
ionization  rate. 

The  energy  required  to  liberate  a  metal 
atom  from  the  surface  of  the  cathode  is 
approximately  5  eV,  the  binding  energy.  The 
energy  (eV)  per  atom  deposited  in  the  whisker 
due  to  Joule  heating  is 


(Joule  heating) , 

atom  nw 


L 

_ / 

* 

Electrons 

_  (X/d)e 

orea 

Electrons 

V 

/ 

/ 

Electron  time  flight  At- 


Whisker  surfoce 


rrij5  2.67  xlO  Z6kg 
me=9. 11x10  31  kg 


Ionizotion  region 


Figure  3 .  Graphical  presentation  of  the 

relationship  between  electron  and 
ion  (oxygen)  current  densities. 
The  j-  is  arbitrary.  The 
rectangles  indicate  locations  of 
accelerated  charge  at  equal  time 
increments  At-. 


where  nw  is  the  number  density  of  the  whisker 
material  and  At  is  the  duration  of  the 
current  flow  in  seconds.  The  total  energy 
per  atom  deposited  in  the  surface  layer  of 
the  whisker  due  to  both  joule  and  ion  heating 
is 


total  energy  =  Rxenergy  u|eheat. 
atom  atom 


(3) 


Inserting  the  values  d  =  1  x  10-6  m,  a0  = 
1  x  10-20  m2,  p  =  7  x  10-8  I2-m,  L=aQk,  where 
ag  is  the  lattice  parameter  for  stainless 
steel  (2.9  x  10-10m)  ,  p  is  the  resistivity 
for  stainless  steel,  k  is  the  number  of 
monolayers  in  the  surface  layer  of  the 
whisker  through  which  the  ions  penetrate,  and 
V  =  100  volt,  nw  =  8.2  x  1028  atoms/m2  for 
steel,  and  expressing  the  total  current 
density  in  terms  of  the  field  emitted 
electron  current  density  gives 


total  eV 
surface  atom 


R  (5  xl  0-18)  (j-)2  x(l  + 1 CT26n0)2  At 


(4) 


Values  of  eV/atom  are  plotted  in  Figure  4 
as  a  function  of  j-,  no,  k,  and  for  At  = 
10-9s.  The  curve  in  the  lower  right  corner 
represents  solely  Joule  heating.  These 
calculations  demonstrate  that  the  heating  of 
the  surface  due  to  return  ion  current  is  far 
more  efficient  than  the  heating  of  the 
whisker  bulk  due  to  Joule  heating.  The  ions 
provide  the  high  energy  density  required  to 
explode  a  "whisker"  within  nanoseconds. 


Figure  4.  Electron  volts  per  surface 

atom  vs  electron  current  density. 
The  solid  lines  are  plots  of  Eq  [4] 
for  At-  =  10-9s,  and  various 
neutral  density  Uq  and  number  of 
monolayers  k  heated  by  100  eV  ions. 
The  dashed  line  is  5  eV/atom. 
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The  return  ion  bombardment  leads  to 
further  desorption  of  neutrals  thus 
increasing  the  neutral  density.  The 
increased  neutral  density  will  reduce  the 
mean  free  path  for  ionization  of  neutrals  by 
electrons  thus  increasing  the  ionization 
rate.  As  more  ions  are  produced,  the 
positive  space  charge  presence,  (see  Figure 
3),  enhances  the  electric  field  and  this 
strongly  enhances  the  field  emitted  electron 
current.  Also  due  to  the  enhanced  electric 
field,  the  100  volt  equipotential  surface 
moves  closer  to  the  cathode  surface  into  a 
region  of  higher  neutral  density.  This 
effect  also  increases  the  ionization  rate. 
The  whole  process  rapidly  becomes  unstable. 
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Figure  5.  Sequence  of  events  leading  to 

the  formation  of  a  cathode  spot 
plasma.  (a)  Field  emission.  (b) 
Enhanced  field  emission.  (c)  The 
whisker  "exploded",  forming  the 
cathode  spot  plasma  by  unipolar 
arcing.  Ion  bombardment  forms  the 
cathode  spot  crater.  The  dense 
plasma  shields  the  cathode  spot 
from  the  externally  applied  field 
Eext.  iFE  =  electron  field  emission 
current  density;  jcL  =  electron 
Child-Langmuir  space-charge  limited 
current  density;  jarc  =  electron 
current  density  of  unipolar  arc; 

P  =  electric  field-enhancement 
factor;  Es  =  sheath  electric  field. 


Formation  of  Cathode  Spots 


The  localized  build-up  of  plasma  above  the 
electron  emitting  spot  naturally  leads  to 
pressure  and  electric  field  distributions 
which  ignite  unipolar  arcs  [5].  As  the 
ionization  rate  of  neutrals  increases  in  the 
ionization  region  in  front  of  an  electron 
emitting  whisker,  a  kind  of  double  layer 
forms  between  the  electrons  moving  toward  the 


anode  and  the 

ions 

moving 

towards 

the 

cathode,  Figure  3 
The  positive 

space 

charge 

produced 

by 

these  ions  increases  the  effective  electric 
field  on  the  tip  of  the  whisker  Figure  5  (b) , 
and  thus  strongly  enhances  the  field  emitted 
electron  current.  Finally,  the  ionization 
rate  becomes  so  large  that  the  electron 
current  density  to  the  anode  becomes  the 
space  charge  limited  jcL*  A  sufficiently 
dense  plasma  blob  has  formed  which  shields 
the  tip  of  the  whisker  from  the  externally 
applied  electric  field  Figure  5  (c)  . 

However,  the  potential  of  this  cathode  spot 
plasma  is  positive  with  respect  to  the 
cathode  surface.  The  dynamics  of  the  cathode 
spot  plasma  is  now  determined  by  plasma 
pressure  gradients,  associated  internal 
electric  fields,  and  the  sheath  electric 
field.  A  sheath  forms  as  the  radically 
expanding  cathode  spot  plasma  sweeps  over  the 
metal  surface.  The  increasing  plasma 

pressure  Pe  above  the  electron  emitting  spot 
leads  to  a  pressure  gradient  and  an  electric 
field  Er  in  radial  direction,  tangential  to 
the  surface,  Figure  6. 

Without  any  current  flowing  this  field 
would  be  the  ambipolar  electric  field  Eainb  = 
-  VPe/ene.  Associated  with  this  field  the 
plasma  potential  decreases  in  radial 
direction.  Consequentially,  the  plasma 

sheath  potential  Vs  also  decreases  in  a  ring¬ 
like  area  around  the  cathode  spot  crater. 
The  distribution  of  Vs  will  be  such  that  the 
quasineutrality  of  the  plasma  is  assured.  At 
some  radial  distance  rf  from  the  cathode  spot 
crater  the  sheath  potential  will  be  equal  to 
the  floating  potential,  Vf  =  (kTe/2e)  In 
(Mf/2;tme)  ,  providing  equal  ion  and  electron 
flow  rates  to  the  surface  at  this  location, 
i.e.,  the  net  current  through  the  sheath  is 
zero.  At  distances  r  >  rf  the  plasma 

potential,  and  thus  Vs  <  Vf,  and  more 
electrons  than  ions  will  return  to  the 
cathode  surface.  This  closes  the  electron 
current  loop  of  the  unipolar  arc.  The 
increasing  flow  of  electrons  to  the  surface 
at  r  >  rf  due  to  Vs  <  Vf  results  also  in  a 
reduction  of  the  negative  radial  space  charge 
distribution  within  the  cathode  spot  plasma. 

This  leads  to  a  reduction  of  the  radial 
electric  field  Er  (r)  =  -  AV/Ar  <  Eamj-,. 
Therefore,  the  radially  outward  directed 
electron  pressure  gradient  force  becomes 
larger  than  the  electric  field  force  which 
holds  the  electrons  back  |— VP  e|  >  |— ene Er|  A  net 

force  Fnef,  acting  on  the  electron  fluid  is 
pointing  outward  in  radial  direction 

^net  =  ~  |e|ne^r 

This  is  the  driving  force  of  the  unipolar 
arc,  [5].  The  unipolar  arc  current  density, 
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Figure  6.  Unipolar  arc  model  of  the 
cathode  spot  plasma. 


[4]  F.  Schwirzke,  M.P.  Hallal,  Jr.  and 
X.K.  Maruyama,  "Ion  Formation  on 
the  Surfaces  of  Electrodes," 

Nuclear  Instruments  and  Methods  in 
Physics  Research  B67  (1992)  554- 
559. 

[5]  F.  Schwirzke,  "Vacuum  Breakdown  on 
Metal  Surfaces,"  IEEE  Trans.  Plasma 
Sci.  PS-19  (1991)  690. 


which  is  driven  by  the  radial  plasma  pressure 
gradient,  can  be  orders  of  magnitude  larger 
than  the  Child-Langmuir  space  charge  limited 
diode  current  density.  This  high  current 
density  and  the  associated  surface  heating  by 
ions  provide  the  "explosive"  like  formation 
of  a  cathode  spot  plasma. 

Conclusions 


This  paper  presents  a  self-consistent 
physical  model  describing  the  onset  of 
breakdown.  It  starts  with  field  emission 
from  single  spots,  it  leads  to  the  build  up 
of  positive  space  charge  due  to  ionization  of 
desorbed  neutrals  which  further  enhances 
field  emission  .  The  increased  surface 
heating  by  ion  bombardment  provides  further 
desorption.  As  the  ionization  zone 
propagates  into  the  dense  vapor,  more 
ionizations  occur.  The  build  up  of  plasma 
pressure  gradients  and  sheath  electric  field 
leads  naturally  to  the  formation  of  an 
unipolar  arc.  A  cathode  spot  is  formed  by 
unipolar  arcing. 

Acknowledgments 


This  work  was  sponsored  by  NRL,  and  the 
Naval  Postgraduate  School . 

References 


[1]  G. A.  Mesyats  and  D.I.  Proskurovsky , 
Pulsed  Electrical  Discharge  in 
Vacuum  (Springer.  1989),  p.79. 

[2]  D.S.  Welsh  "Current  Density 
Limitations  in  a  Fast-Pulsed  High- 
Voltage  Diode," 

M.S.  Thesis,  Naval  Postgraduate 
School,  Monterey,  California,  June 
1992 

[3]  J.  Halbritter,  IEEE  Trans.  Electr. 
Insul .  EI-18  (1983)  253,  and  IEEE 
Trans.  Electr.  Insul.  EI-20  (1985) 
671 


67 


